We have established empirical limits for the circular dichroism spectra appropriate for aqueous solutions of the B, C, and A forms of calf-thymus DNA In contrast to the absorption spectrum, the circular dichroism (CD) spectrum of the DNA component of purified chromatin is markedly different from that of protein-free DNA in aqueous solutions at moderate ionic strength. This difference is most obvious as a lowering of the ellipticities of the positive band of the spectrum above 255 nm, where the protein components do not contribute. It is usually attributed to a change in secondary structure of DNA complexed with histone and/or the effects of tertiary structure, such as supercoiling, on the CD properties of the nucleic acid.
is below the limit of detection (<4%). The fraction of bases in the B conformation depends on the method of isolation of nucleohistone, and ranges from 30-50%. The B content of a given preparation is increased by addition of a chelating agent and decreased by addition of divalent ions. More radical increases ensue upon protein removal. Nuclease treatment results in a dramatic decrease in B content. The fraction of bases melting out in the lower transitions of the complex melting profile of a given chromatin preparation corresponds to its B content. We propose a model for chromatin structure in which part of the DNA duplex is exposed or accessible to the solvent and is in the B conformation. The remainder of the base pairs and ribophosphate backbone are protected from interaction with the solvent by efficient histone coverage and are in the C conformation. Divalent ions modulate the distribution of bases between these two conformations.
In contrast to the absorption spectrum, the circular dichroism (CD) spectrum of the DNA component of purified chromatin is markedly different from that of protein-free DNA in aqueous solutions at moderate ionic strength. This difference is most obvious as a lowering of the ellipticities of the positive band of the spectrum above 255 nm, where the protein components do not contribute. It is usually attributed to a change in secondary structure of DNA complexed with histone and/or the effects of tertiary structure, such as supercoiling, on the CD properties of the nucleic acid.
We have taken an approach that has been standard in analysis of CD and optical rotatory dispersion properties of polypeptides and proteins: We made certain simplifying assumptions about the number of secondary structures available to DNA in a naturally occurring biological complex and the relative influence of structure compared to composition and environment on the CD properties. We then attempted to analyze the solution spectra of DNA in solvents that might be expected to induce structural transformations to the B, C, or A forms. Identification of these solution spectra in terms of A, B, or C forms rests upon the spectral data of Tunis-Schneider and Maestre (1) for films of DNA taken under environmental conditions that result in the A, B, or C forms in fibers (2) (3) (4) . These reference spectra for the solution forms have been applied quantitatively to the analysis of the spectra of DNA in biological complexes.
The assumptions upon which the validity of this procedure rests are as follows: (i) A limited number of discrete organized secondary structures are required to describe the secondary conformation of naturally occurring DNAs of random base sequences complexed with proteins. (ii) In the absence of any direct and specific interaction of extraneous ligands with the base chromophores, these discrete structures are those found in fibers-namely, the A, B, and C formsand no additional forms are created in solution under conditions where the helical duplex is intact. (iii) The influence of structure outweighs the nonspecific effects of environment and base composition (except insofar as these factors influence structure) on the optical properties of DNA. (iv) The optical properties of structures consisting of either random or loose arrangements of these secondary structures in which the base chromophores of the adjacent secondary structures do not interact can be accounted for as the sum of the fractional contribution that each secondary structure makes to the total. Conversely, if the optical properties cannot be accounted for as a linear combination of the known secondary structures, it is likely that some superstructure exists in which the asymmetric secondary structures are arrayed asymmetrically that permits the chromophores in adjacent secondary structures to interact.
Although we recognize the hazards involved in using these assumptions and the procedure outlined above, we Protein content was determined both chemically, by the Lowry (7) and the microbiuret procedure (8) , and spectrally (9) . All methods gave good internal consistency. The protein/ DNA ratio for NH was 1.6 4 0.1, with no marked dependence on the methods of isolation. The protein content of the commercial DNA sample was < 1%. Phosphorus content was determined by the method of Ames and Dubin (10) . and Fiske and Subbarow (11) , with inorganic phosphate as a standard. Extinction coefficients (Ep280), determined on a molar phosphorus basis, were 6750 for preparations of NH and 6600 for the commercial preparation of DNA. Concentrations of chromatin and DNA were determined spectrally with these extinction coefficients. Light-scattering corrections were applied (12) when appropriate.
Absorption spectra were recorded on a Cary 14 CMR spectrophotometer, kept at 25 i 0.1°, except for the melting experiments. Circular dichroism spectra were obtained at 27°with a Cary model 60 spectrophotometer equipped with a 6001 CD unit. Sedimentation velocity experiments were conducted at pH 7 with a Spinco model E analytical ultracentrifuge equipped with absorption optics. The sedimentation coefficients were corrected for temperature, viscosity (13) , and preferential solvation effects (14) in the two-component solvents (electrolyte and water) normally used. In all of the physical measurements, the concentrations of DNA did not exceed the linear range of instrumental response.
RESULTS AND DISCUSSION
Reference spectra of DNA The spectral distortions of DNA in chromatin correspond to those observed in concentrated electrolyte solutions (15) . This observation suggested that appropriate reference spectral data might be obtained from a suitable analysis of the CD properties of DNA in such solutions. We therefore obtained a series of CD spectra of calf-thymus DNA in various concentrations of KCl, NaCl, LiCl, CsCl, and NH4Cl at pH 7 and 270 up to saturating concentrations of these 1:1 electrolytes. In all cases, the transformation of the CD spectrum was similar as we went from low salt to higher salt concentrations, and could be correlated with the extent of dehydration of the DNA as the water activity decreased at the higher salt concentrations (14) (15) (16) (17) (18) (19) .
Using the reference CD spectra of Tunis-Schneider and Maestre (1) for the A, B, and C forms of calf-thymus DNA, we identified the spectral transformations in these solutions at 270 as a B --C conversion as the concentration of electrolytes increases, with a fraction of the molecules being converted to the A form at the highest electrolyte concentration (or lowest water activity) accessible in some of these salt solutions. The amount of the A form present varies, and, at the same water activity (or preferential hydration), the fraction present depends on the cation. It is maximal for CsCl and minimal for NH4Cl.
Typical transformations in these electrolyte solutions are of the type seen in Fig. 1 Table 1 ), assuming a mixed conformation of B and C forms whose limit spectra are curves described below. (X) a mixture of 47% B and 53% C; (A) a mixture of 36% B and 64% C. (---) Protein-free DNA in 100 mM NaCl-50 mM NaH2PO4-NaHPO4 (pH 7); this spectrum was taken as the limit of 100% B.
), Reference spectrum of C conformation of DNA at pH 7. We also made similar attempts to extract the spectrum of the A form from the data in CsCl using the data for the B and C forms given in Table 1 . The small amount of A form, however, complicated by the presence of three species (A, B, and C) rather than two (B and C), gives rise to large errors. Except for the 280-290 nm region, the shape of the A spectrum obtained from our solution data is similar to that displayed in Fig. 3 
Calf-thymus chromatin
The CD spectra of two preparations of NH, the M-C and the Z-D, are shown in Fig. 2 . The M-C, high blend preparations gave spectra whose positive band was intermediate in intensity between these two. The intermediate character of the positive bands of the NH spectra compared to the B and C spectra of DNA suggested that they could be accounted for in terms of a linear combination of these two forms. The agreement of the calculated points with the experimental curves for the M-C and the Z-D preparations, respectively, is good.
Conversely, the % B was calculated from the experimentally observed ellipticities of these and other NH solutions with our DNA limits at selected wavelengths across the positive band (Table 2 ). We tested for the possible presence of a fractional amount of (20, 21, 23) . The variability in the % B of the different preparations can be correlated with the amount of blending time and shear gradient that the preparation received in the initial grinding medium. More extensive blending results in preparations of higher % B. This is probably related in part to the removal of divalent ions, as the % B content of a given preparation increases in the presence of NaEDTA and decreases upon addition of a divalent ion such as Ca++ or Mg++ (see Table 2 ).
The % B of a given NH preparation can be more radically altered. A dramatic increase occurs upon removal of protein from the complex by either proteolytic action or dissociation in deoxycholate or in high salt solutions. Pronase digestion, for instance, converts either of the NH spectra in Fig. 2 to the B reference spectrum. Digestion with a mixture of an endo-and an exonuclease, which do not require divalent ions for activity, can cause sizable decreases in the % B content, with concomitant increases in % C. In a typical experiment, NH solution was mixed with hog-spleen DNase II and bovinespleen phosphodiesterase II and dialyzed against a 0.7 mM sodium phosphate buffer at pH 5.5 for 24 hr, followed by dialysis against 0.7 mM sodium phosphate buffer at pH 7 for a second 24-hr period. The resulting macromolecular product lost 34% of its bases as dialyzable nucleotides. Its CD pattern was very similar to the C spectrum shown in Fig. 2, and it had 13% B compared to the control solution's 46% B.
In agreement with the observations of others (24, 25), we found complex melting profiles of the various intact NH preparations, with five transitions apparent. Typical integral and normalized derivative patterns are shown in Fig. 3 The fraction of bases (fi + II + III) melting out in the first three transitions, 1, II, and III, for several solutions is given in Table 2 . NaEDTA increases this fraction. The correlation of this contribution with the % B of the same solution (Table  2) 
CONCLUSION
In Fig. 4 we present a schematic model for the relationship between the secondary structure of DNA and histone interaction that ties together our results, as well as those of others (24) (25) (26) (27) . The regions designated by roman numerals correspond to the portions of DNA melting out in the same numbered transitions of the melting profiles. Our major experimental observations are that the CD spectrum of NH can be adequately accounted for by contributions of B and C forms, with no need to invoke higher-order structures, and that the B contribution correlates with the fraction of bases melting out in transitions I, II, and III. We propose, therefore, that the DNA of purified chromatin, as isolated by standard methods, is in two discrete conformations, whose stability is dictated mainly by the efficiency of histone binding. In regions IV and V, the histone proteins are packed in the grooves of the DNA helix in such a way as to maximize the electrostatic charge neutralization of the DNA phosphates. This interaction protects the bases and ribophosphate backbone from the constituents of the environment. Part of this histone interaction is mediated by divalent ions that may bind directly to DNA, filling in small gaps between adjacent histones. Alternatively, these ions may bind to histone and modulate the conformation of the proteins in such a way as to enable them to pack more efficiently. Whatever the mecharism, the water activity is low in these regions and the DNA duplex is in the C conformation. These regions are maximally stable to thermal melting as well as to nuclease attack.
In the remaining regions, III, II, and I, histone and/or nonhistone interactions are either weak or nonexistent. In regions I and II, the DNA is presumably protein-free. The histones associated with region III may either be damaged by inadvertent proteolytic activity, partially denatured, or unfolded. DNA is accessible to the solvent in all three regions and is in the B conformation. Nuclease action preferentially digests the DNA in these regions, leaving behind a product enriched in C conformation. In fact the % B (13%) of the digested product agrees very well with a predicted value of 18% if all nucleotide loss had occurred in B regions.
This model presents a speculative basis for the control of translation and transcription and suggests a regulatory role of Ca++ or Mg++ in vivo. Regions I and II may represent portions of the genome that are always turned on in this particular tissue. The melting profiles of the M-C preparations show 15-20% of the bases melting out in these regions. This corresponds well with the reported template efficiency (15%) for RNA transcription of calf-thymus chromatin isolated by a similar method (28) . If region III is not an artifact of preparation, it may represent those portions that are transcribed intermittently as needed throughout the life cycle of the cell. Regions IV and V are presumably those parts that are permanently repressed until such interactions ensue that dissociate the proteins of these regions and permit the DNA to be replicated.
There is no necessity for invoking a supercoiled structure (29) (30) (31) to account for the spectral properties of chromatin. Indeed, we would predict that the loose structure suggested by the x-ray diffraction data (29, 31) would have little effect on the CD properties of DNA unless the coils were intertwined in such a way that the base pairs in adjacent molecules were sufficiently close to permit optical interaction. [Even the relatively tight supercoiling of circular DNA has very little effect on its CD spectrum (32) .] Since the CD spectra of chromatin show no evidence of intermolecular pertubations, we can only conclude that if these molecules are indeed in a supercoiled state in solution, this tertiary structure does not affect the CD properties of the molecule. It is possible, however, that the C conformation lends itself to the loose supercoiled structure of Pardon and Wilkins (29, 31) . Hence, a correlation between % C and the fraction of supercoiled structure present in solution may ultimately be found.
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